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ABSTRACT
Nano-titanium dioxide (nano-TiO2) is an engineered nanomaterial used in a wide array of
commercial products. The production and use of large amounts of nano-TiO2 is resulting
in the unintended release to the environment. Nano-TiO2 is known to be cytotoxic due
primarily to its ability to generate reactive oxygen species, and negative impacts on a
variety of organisms have been demonstrated, but the effects of nano-TiO2 on complex
microbial communities under ecologically relevant conditions have rarely been tested.
We conducted a controlled manipulative experiment using recirculating model streams
dosed with a one-time amendment of 1mg L-1 nano-TiO2 (specifically P25). Within one
day bacterial cell numbers in the treated streams were 25% lower than in the control
streams, but by 30 days post-treatment bacterial numbers in the treated streams had
recovered. Treated streams also showed significantly higher per-cell respiration rates than
controls on days 8 and 15. Tag pyrosequencing of bacterial 16S rRNA genes indicated
that bacterial communities in the nano-TiO2 treated streams were highly similar to each
other and distinct from the control streams on days 1 through 23, but by day 30 the
community composition in the treated streams had returned to being indistinguishable
from the control streams. Our results demonstrate that one-time addition of nano-TiO2,
representative of an accidental release, can have a rapid but temporary effect on the size,
activity and composition of sediment bacterial communities. The use of high-throughput
screening (HTS) enabled us to test the effects of four different types of nanoTiO2 (P25,
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PW6, pure anatase particles, and pure rutile particles) at various concentrations to
bacterial communities collected from sediments from two different streams. To simulate
the effects of sunlight, various concentrations of nanoTiO2 and bacteria suspension was
exposed under a xenon arc lamp for one hour. In Chicago River communities, incubation
of all types of nanoTiO2 of concentrations 1 mg/L and higher significantly decreased
bacterial viability compared to 0 mg liter-1 controls. Although Nippersink Creek
communities were sensitive to nanoTiO2, incubation of only the highest concentration of
P25 (25 mg liter-1) with illumination lowered bacterial viability significantly. Our results
confirmed that illumination is an important contributor to short-term nanoTiO2 toxicity
and indicate a difference in the bacterial community responses to nanoTiO2 based on
anthropogenic pollution in the habitat.
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CHAPTER ONE
INTRODUCTION
Characteristics and Abundance of Nanomaterials
Engineered nanomaterials (ENM) are structures that have at least one dimension
in the range of 1-100 nm, and have unusual physiochemical properties compared to bulk
materials of the same composition (Klaine, 2008). The novel properties of ENM can be
attributed to their small size, unique shapes, high surface area, chemical composition,
aggregation, and surface chemistry (Oberdörster, 2005). ENM offer reactivity, optical
sensitivity, bonding properties, and electrical conductivity levels never achieved before
(Godwin, 2009). While only a few types of ENM were once available (e.g. quantum dots
and fullerenes), various industries are now able to produce thousands of new materials
annually (Holman et al., 2006), such as nanofibers, nanowires, nanosheets, and
nanoparticles (Klaine, 2008).
ENM are increasingly being used in a wide array of industrial and commercial
applications such as cosmetics, catalysts, electronics, sunscreens, clothing, tires, sporting
goods, as well as in the medical field for imaging, surgery, drug delivery, and diagnosis
purposes (Wiesner and Bottero, 2007). An inventory that was recently published on the
number of consumer products containing ENM listed over 700 products in the worldwide
market, ranging from baseball bats and tennis rackets to toothpaste and cosmetics
(nanotechproject.org). Over 2,000 tons of engineered nanomaterials were produced in
2004, and production is expected to exceed 50,000 tons per year over the next decade
1	
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(Holman et al., 2006). By some estimates, the nanotechnology industry is anticipated to
become a trillion dollar market by 2015 (Nel, 2006). This newly lucrative industry
promises breakthroughs in many fields such as medical treatments, energy generation,
and storage (Maynard, 2006), but enthusiasm for the technology is tempered by public
health and environmental safety concerns.
Potential Release of Nanomaterials into the Environment
The release of ENM into the environment during their life cycle (i.e. production,
use, disposal) may be an inevitable consequence of high usage and manufacturing of
these products (Lubick, 2008). During production, ENM may be released during
maintenance, product handing, and transport of the products (Aitken, 2004). For
example, throughout the ENM finishing process, grinding nanocomposite materials
produces powders that can easily become airborne. The potential release of powdered
ENM is considered to be the most dangerous human exposure hazard (Maynard, 2005).
The release of ENM may also be an outcome of high usage. ENM are used for
wastewater remediation (Zhang et al., 2003), fuel (Holman et al., 2006), and many
common personal care products (Nel, 2006), all of which can result in the release of
ENM to the environment. The release of ENM may also be deliberate. For example,
iron nanoparticles are used for the purpose of remediating contaminated groundwater
systems (Zhang et al., 2006). Finally, unintentional exposures during disposal may occur
through industrial emissions, deterioration of products, or even the excretion of
nonmetabolized nanomedicines (Maynard, 2006). The concentration of ENM in the
environment will increase as they become more prominent in commercial and industrial
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fields, but there is currently very little data available on the potential ecological impacts
of these materials.
Toxic Potential of Nanomaterials
The recent expansion of the nanomaterial industry has triggered discussion of
nanotechnology regulation and has generated an increase in scientific research, but the
impact of ENM on the environment and human health is still largely undetermined. The
defining characteristic of nanomaterials is size, between 1-100 nm, which falls within the
range between bulk materials and single atoms (Nel, 2006). As the grain size of the
material decreases, the surface area increases, and there is a greater proportion of atoms
or molecules exposed to the outside environment (Oberdörster, 2005). ENM have
increased reactivity because of the number of atoms or molecules available on the surface
of the particle (Nel, 2006). The increased surface area and small size of nanomaterials
could be responsible for toxicological effects because of the increased surface groups that
may function as reactive active sites (Donaldson, 2002). For example, some ENM can
generate reactive oxygen species (ROS), and ROS generation can be proportional to
surface area (Nel, 2006). Studies of animal lung tissues have shown a direct relationship
between ROS generation, surface area, and inflammatory effects (Nel, 2005). With high
levels of ROS production, inflammation and cytotoxicity occur. Under normal
conditions, the ROS generated are usually overcome and neutralized by antioxidant
defenses (e.g. glutathione) and antioxidant enzymes. When unusually high levels of ROS
are generated, inflammation occurs through the activation of signaling cascades (e.g.
mitogen-activated protein kinase; MAPK) and cytotoxicity can occur through the release
of apoptotic factors (Nel, 2006). In addition to ROS production, ENM may be toxic via

	
  
other mechanisms including membrane piercing, immune reactivity, genetic material

4	
  

damage, and protein denaturation (Gurr, 2005).
Nano-titanium Dioxide
Nano-titanium dioxide (nanoTiO2) is one of the most widely applied ENM in the
nanotechnology industry, where it is used extensively in catalysts, sunscreens, cosmetics,
and for wastewater treatment (Wiesner and Bottero, 2007). The yearly production of
nano-TiO2 in 2002 was approximately 3,000 metric tons per year, and is estimated to
reach 260,000 metric tons by 2015. Production is anticipated to increase to 2.5 million
metric tons annually by 2025 (Robichaud et al., 2009).
The potential environmental impacts of nanoTiO2 have only been investigated
recently on studies of human cells (Kocbek, 2010), rodents (Donaldson, 2002), and
microorganisms (Adams, 2006). Studies of human lung epithelial cells observed the
toxicity of nanoTiO2 over a broad span of concentrations (3.6-2000 ug/ml), and over a
wide time period of exposure (1-48 hours). Rodent studies demonstrated similar results,
showing that nanoTiO2 particles induced larger inflammatory responses in tracheal cells
compared to larger bulk particles of the equivalent mass (Donaldson, 2002). Low
concentrations of ¬¬ nanoTiO2 under UV radiation also significantly damaged the cell
walls of planktonic bacteria and algae in stream water (Battin, 2009). For future risk
assessment of these materials, the toxicological profile of nanoTiO2 must be established
pertaining to the environmental concerns of the material.
The toxicity of nanoTiO2 has been attributed to high levels of ROS generation
and oxidative stress. NanoTiO2 is a photocatalyst/semi-conductor that produces energy
wavelengths that promote electron pair recombination at its surface. Normally in
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neutralize the lower levels of ROS that are generated in the mitochondrion. However if
ROS are excessively generated and overcome antioxidant defenses in the mitochondria,
glutathione levels can be depleted while oxidized glutathione accumulates. Viable cells
produce detoxification and antioxidant enzymes (phase II enzymes) as a response to the
primary oxidative stress. However, high levels of oxidative stress can agitate the inner
membrane of the mitochondria and disrupt electron transfer, and the cell is eventually
overtaken by inflammation and cytotoxicity (Halliwell, 1999). By this mechanism,
nanoTiO2 has been shown to have toxic effects on biota caused by the ability of
nanoTiO2 to generate ROS when exposed to light (Adams et al., 2006), but nano-TiO2
toxicity has also been reported in the absence of light (Gurr, 2005 and Adams, 2006).
The current concentration of nanoTiO2 in environmental waters is not known, but
some suggest nanoTiO2 concentrations may be found in the µg/L range in freshwaters
based on known current usage (Boxall, 2007). NanoTiO2 concentrations have also been
found in exterior facade runoff (Kaegi et al., 2008) and wastewater plant effluent waters
(Kiser et al., 2009). Currently, tools are not available to screen for nanomaterials in
natural environments due to the nanoscale complexity and temporal irregularity (Klaine,
2008). Exposure modeling may also be difficult to perform for nanomaterials in
ecological studies because ultrafine particle detectors are expensive and impractical for
use in the field (Aitken, 2004).
To understand the environmental impact of nanoTiO2, the study of bacteria can
be useful because they are among the most abundant and diverse taxonomic groups on
Earth. In addition, bacteria carry out many critical processes within ecosystems, and they
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can serve as important bioindicators of ecosystem responses to environmental stressors.
For example, bacterial and algal biofilms contribute immensely to the carbon cycling in
streams and rivers (Battin, 2009). The study of nanoTiO2 behavior, effects and fate in
sediment ecosystems should be addressed because sediments and soils may be the
ultimate sink for nanoparticles, and exposure modeling suggests that nanoparticle
concentrations in sediment and soil are greater compared to air or water (Klaine, 2008).
Fang et al. (2009) found that anatase crystal particles (35 nm on average) could remain
suspended in soil saturated with water longer than the duration of the experiment (i.e. 10
days).
Thesis Project
In my project I have explored the effects of nanoTiO2 on the viability, activity and
taxonomic composition of sediment bacterial communities using two complementary
approaches, artificial streams and high throughput screening. Chapter 2 of this thesis
describes an artificial stream experiment in which I demonstrate that a one-time dose of
nanoTiO2 results in a rapid but temporary decrease in abundance and shift in taxonomic
composition of a complex sediment bacterial community. Chapter 3 of this thesis
describes a series of high throughput screening experiments in which I demonstrate that
different forms of nanoTiO2 vary in their toxicity to complex bacterial communities from
stream sediments, and that bacterial communities from different habitats vary in their
sensitivity to nanoTiO2. These results provide novel insights into our understanding of
the potential ecosystem effects of nanoTiO2.

CHAPTER TWO
EXPOSURE TO NANO-TIO2 TRIGGERS SHORT TERM RESPONSES
IN ABUNDANCE, ACTIVITY AND COMPOSITION OF SEDIMENT BACTERIAL
COMMUNITIES IN MODEL STREAMS
Introduction
Engineered nanomaterials (ENM) are used in a wide array of industrial and
commercial products ranging from cosmetics and pharmaceuticals to tools and
electronics (Nanoposts, 2008). Over 2,000 tons of ENM were produced in 2004 and
production is expected to exceed 50,000 tons per year over the next decade (Nowack and
Bucheli, 2007). The defining characteristic of ENM is their small size (at least one
dimension of 100 nm or less) (Lubick, 2008). The minute size, novel shapes, and high
surface areas of ENM promote unique physiochemical properties and make them more
highly reactive than their bulk counterparts (Donaldson, 2002).
Due to the growing nanomaterial industry and its widening commercialization,
there is concern about the potential for unanticipated environmental consequences of
these materials. Nanomaterials will inevitably be released into the environment at some
point during their manufacture, use or disposal, yet there is very little data available on
the potential ecological impacts of these materials (Lubick, 2008). Nanomaterials have
higher reactivity because of the increased surface groups that may function as reactive
active sites (Donaldson, 2002). When exposed to light, some nanomaterials have the
potential to generate reactive oxygen species (ROS) on the active sites. ROS are
7
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powerful oxidizing agents that can damage a variety of cell components and can lead to
cell death (Blake et al., 1999). Toxicity of nanomaterials may also be caused by other
mechanisms including membrane piercing, immune reactivity, genetic material damage,
and protein denaturation (Gurr, 2005).
Nano-titanium dioxide (nanoTiO2) is one of the most widely used nanomaterials.
NanoTiO2 has applications in medicine, personal care products, architecture, automotive
and food industries, and the textile and glass industries (Nanoposts, 2008). NanoTiO2 has
been shown to have toxic effects on biota caused by the ability of nanoTiO2 to generate
ROS when exposed to light (Adams et al., 2006). Current data suggest that nanoTiO2 has
a high potential to enter aquatic environments as a consequence of the high usage and
manufacturing of nanoTiO2 products (Kiser et al., 2009).
This study examines the potential ecological consequences of the entry of
nanoTiO2 into the environment. We focus on stream ecosystems because waterways are a
likely route of entry into the environment. We analyze microbial communities in stream
sediments because their activities are essential to the health of stream ecosystems and
because microbial communities can serve as important bioindicators of ecosystem
responses to stressors. The approach of our study is to assess the effects of nanoTiO2 on
the composition, viability, and function of sediment bacterial communities through a
laboratory-scale artificial stream experiment in which other potentially confounding
variables can be controlled. The rationale is that analysis of the changes in bacterial
communities might provide insight into the effects of nanoTiO2 in the environment. My
hypothesis is that addition of nanoTiO2 will exert negative effects on the size and activity
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of sediment bacterial communities and will result in shifts in the taxonomic composition
of these communities.
Materials and Methods
Artificial Streams
This project was conducted in artificial streams in an indoor greenhouse facility
located on the top floor of the Quinlan Life Science Building, Loyola University
Chicago. Six artificial streams in total were run from November 2011 through February
2011. The recirculating artificial streams (4 m x 15.5 cm x 15 cm) are oval, constructed
of composite fiberglass, with a streambed surface area of 0.62 m2. The model stream
sediment was composed of 0.5 kg pea gravel, 9.5 kg sand, and 66.67 g of leaves
(composite of red maple, ginkgo, and oak leaves) that were dried and leached to remove
tannins. Addition of leaf material provided approximately 2% by weight of organic
material to stream sediment. Each artificial stream was also amended with 100 mL of
sediment collected from a woodland stream (Nippersink Creek, McHenry County, IL) to
provide an inoculum of microbes. The artificial streams were filled with 60 L
dechlorinated tap water, and refilled every three days to restore evaporative water loss.
The greenhouse is exposed to natural light and the windows block approximately 50% of
the incoming solar radiation.
Streams were run for eight weeks prior to nanomaterial treatments in order to
allow for adequate microbial colonization of the sediment. Nutrient amendments of 500
µg N L-1 stream water (as NaNO3) and 100 µg P L-1 stream water (as KH2PO4) were
added to all streams weekly. Stream water velocity was kept at 0.18 m s-1 by a Dayton
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DC gear motor (model 42129b) and a Dayton DC speed control (model 5X412D)
(Dayton DC Gear Motor, Niles, Illinois) connected to a stainless steel paddlewheel.
Nanomaterial Treatment
180 mg of a widely used type of nanoTiO2, Degussa P25, was suspended in 150
ml of filtered and autoclaved milliQ water. The suspension was placed in an ultrasonic
ice water bath (Model 8845-30, Cole-Parmer, Vernon Hills, IL) and sonicated for 30
minutes (60Hz/117 volts/80 watts). The P25 suspension was then diluted to 1200 ml and
divided evenly into 30 sterile 50 ml tubes (40 ml of suspension per tube). For each
experimental stream 10 of these 40 ml P25 suspensions were added simultaneously at 10
evenly spaced points around the stream. Thus each experimental stream received a total
60 mg of P25 for a final concentration of 1mg L-1. The concentration of 1mg L-1 was
chosen similar levels have been detected in wastewater before treatment (Kiser et al.,
2009), so this concentration is environmentally relevant and could represent direct
sewage release due to an overflow event or an accidental spill.
Sample Collection
Sediment samples were collected from each stream immediately prior to
nanoTiO2 addition and sampling continued weekly for 30 days. Samples were collected
using a 5 ml stainless steel scoop immediately prior to refilling stream water. Each
sample consisted of a composite of 10 individual 5 ml sediment samples from equidistant
locations along the length of each artificial stream. Denitrification potential assays and
respiration rate assays were conducted on the same day samples were collected.
Sediment samples for tag pyrosequencing analyses and epifluorescence counts were
stored in sterile 10 ml centrifuge tubes at -80°C.
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Epifluorescence Bacterial Counts
Direct counts of bacterial cells were conducted using a modified standard method
(Kepner Jr & Pratt, 1994). Bacteria were fixed in sterile DNA-free fixative solution
(10mM NaPO4, 120mM NaCl, 10mM sodium pyrophosphate, 4% formaldehyde) (Gough
& Stahl, 2003) in a 1:50 dilution and stored in a sterile 50 mL centrifuge tube. To
prepare slides, sediment samples were diluted 1:1,000, 1:2,000 and 1:4,000 in 0.2 µm
filtered and autoclaved deionized water. Samples were then sonicated for 15 minutes at
60Hz in an ultrasonic ice water bath (Model 8845-30, Cole-Parmer, Vernon Hills, IL). 2
ml of each dilution were filtered onto 0.2 µm anodisc membrane filters (Whatman,
Maidstone, UK) and stained with 100 µL of SYBR Gold (Invitrogen, Carlsbad, CA).
Bacterial cells were counted at 1000x magnification using an Olympus BH-2
Fluorescence Microscope (Olympus, Center Valley, PA) and normalized by grams of dry
sediment.
Denitrification Rates
Denitrification rate of bacterial communities was determined by a modified
version of the standard acetylene inhibition method with chloramphenicol (Brooks et al,
1992). 25 ml of sediment from each sampling were added to 125 ml media bottles with
45 ml of water from the artificial stream. To prohibit the synthesis of new proteins and
microbial growth, 5 ml of 3.1 mM chloramphenicol was added to yield a final
concentration of 0.3 mM chloramphenicol in the bottle. 5ml of glucose and 5 ml of
KNO3 were also added to saturate the NO3- response, yielding a concentration of 30 mg
L-1 of carbon and 6 mg L-1 of nitrogen in the bottle. DNP incubation began when
headspace of each jar was purged with ultrahigh purity N2 gas for 5 minutes while bottles
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were gently mixed. The addition of 15 ml pure acetylene gas was added to inhibit the
transformation of N2O to N2. Samples were incubated at room temperature for 200
minutes. 5ml gas headspace samples were taken by syringe every 50 minutes and
transferred to pre-evacuated (10 mm Hg) serum vials. Headspace of the media bottles
was replaced with 5 ml of an acetylene and N2 gas mixture (1:9 ratio of acetylene to N2
gas). Gas samples were measured with a gas chromatograph (Shimadzu, Columbia, MD)
equipped with a 63Ni electron-capture detector (ECD) and an autosampler with ultrahigh
purity N2 carrier gas. Denitrification rates were calculated from a linear regression of
N2O production over time in the headspace. Denitrification rates were normalized by
grams of dry sediment and also by bacterial cell numbers.
Respiration Rates
Respiration rate was measured using a standard method (Hill et al., 2002) for each
sediment sample. 10 mL of sediment was placed into a black HDPE 50mL centrifuge
tube (Cole-Parmer, Vernon Hills, IL) and filled to the top with water from the respective
artificial stream without leaving headspace. Dissolved oxygen (DO) and water
temperature were measured using a YSI ProODO meter (YSI Inc. Yellow Springs, OH).
HDPE centrifuge tubes were incubated at room temperature (25°C) in the dark for 2
hours, after which final DO was measured and respiration rates were calculated as mg O2
consumed over time. Final DO change was adjusted by DO difference in blank tube for
each sample containing only stream water. Respiration rates were normalized by grams
of dry sediment and also by bacterial cell numbers.
Tag Pyrosequencing of 16S rRNA genes
DNA was isolated from each of the sediment samples using the UltraClean Soil
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DNA Kit (MoBio Laboratories, Carlsbad, CA). Successful DNA isolation was
confirmed by agarose gel electrophoresis. For tag pyrosequencing of bacterial 16S rRNA
genes, 15µl of extracted DNA from each sample was sent to the Research and Testing
Laboratory (Lubbock, TX). PCR amplification was performed using primers 530F and
1100R (Boon et al., 2002). The 530F primer was chosen in order to obtain sequences for
the V4 hypervariable region, which has been shown to provide species richness estimates
comparable to those obtained with the nearly full-length 16S rRNA gene (Youssef et al.,
2009). Sequencing reactions utilized a Roche 454 FLX instrument (Roche, Indianapolis,
IN) with Titanium reagents. Sequences were analyzed using MOTHUR 1.29.0 (Schloss,
2009). Sequences were trimmed to a uniform length of 134 bp and sequences were
aligned. Chimeric sequences were removed with UCHIME run within the MOTHUR
program. The remaining 400,959 high quality sequences were then identified by
comparison to the ribosomal database project (RDP) and grouped to the level of order.
Community composition of individual sediment samples was compared by MDS analysis
conducted using Primer 6 (Clarke and Gorley, 2006). The similarity matrix was
calculated using the Bray Curtis similarity coefficient.
PCR and qPCR
The MoBio Microbial DNA Kit (MoBio Laboratories, Carlsbad, CA) was used to
isolate genomic DNA from a pure culture of Pseudomonas stutzeri (ATCC 11607) to be
used as a positive control for the nirS gene and from a pure culture of Achromobacter
xylosoxidans (ATCC 15173) to be used as a positive control for the nirK gene. Succesful
DNA extraction was confirmed by agarose gel electrophoresis. Primers nirS1F and
nirS6R were used to amplify a 890 base pair (bp) fragment of the nirS gene and primers
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nirK1F and nirK5R were used to amplify a 514 bp fragment of the nirK gene (Braker
et al., 2000). PCR ampliﬁcations from sediment samples and pure culture controls were
performed in a total volume of 25 µl containing 5 µl 5X Taq Buffer, 1 µl MgCl2, 2 µl
dNTPs, 0.3 µl GoTaq DNA polymerase (5 units/µl stock), 1.0 µl forward primer, 1.0 µl
reverse primer, 1.0 µl template DNA, and 13.7 µl of nuclease-free water. Reactions were
performed in a PTC-100 DNA thermal cycler (MJ Research, Waltham, MA). An initial
denaturation step of 2 min at 94°C was followed by 30 cycles of denaturation at 94°C for
15 seconds, primer annealing at 56.4°C for 20 seconds, and extension at 72°C for 30
seconds. The amplification ended with a final incubation for 7 minutes at
72°C. Amplification of genes was confirmed by agarose gel electrophoresis.
Copy number of nirS genes was determined by qPCR with a method performed
by Mincer et al. (2007). Reagent concentrations for each reaction were as follows: 12.5
µl QuantiTect SYBR Green PCR Master Mix (Qiagen, Valencia, CA), 1.25 µl forward
primer, 1.25 µl reverse primer, 1 µl sample template, and 9 µl of water were added to a
final 25 µl volume. qPCR reactions were performed in 8-strip sterile low-profile 0.2 ml
white strip tubes with optical ultraclear strip caps (MJ Research). For every sediment
sample, three analytical replicates were run. Reactions were performed in a MJ Research
DNA Engine Opticon 1 thermal cycler equipped with Opticon software version 3.1 (BioRad Laboratories, Herces, CA). Thermal cycling parameters were as follows: initial
denaturation at 95 °C for 10 min (required for hot start PCR), 40 cycles of denaturation at
95 °C for 1 minute, primer annealing at 57 °C for 1 minute, extension at 72 °C for 1
minute, temperature read at 82 °C for 1 second, and plate read. The amplification ended
with a final elongation at 72 °C for 10 minutes, and a melting curve run from 65°C to
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92°C with a read every 1.0 °C and a hold of 1 second between reads. Samples were
held at 4°C for short-term storage after qPCR completion. Specificity of qPCR reactions
was confirmed by melting curve analysis and agarose gel electrophoresis.
Statistical Analysis
The effect of nanoTiO2 on sediment bacteria was tested for significance using ttests to compare treatment and control streams. Response ratios (treatment : control)
were used to highlight effects of nanoTiO2 treatment. Dotted line represents control
mean for specific sampling dates. Analyses were run using Systat version 13 (Systat
Software, Inc.) using a value of p<0.05 to be considered significant.
Results
Addition of nanoTiO2 to artificial streams resulted in a rapid but temporary
decrease in the abundance of sediment bacteria (Figure 1). Specifically, on days 1, 8, and
15, bacterial numbers within the sediments of the nanoTiO2 treated streams were
significantly lower than those in control streams (p<0.05), but by day 23 bacterial cell
numbers in the nanoTiO2 treated streams were equivalent to the control streams. There
was no effect of nanoTiO2 on the total overall respiration per grams of sediment in the
communities (Figure 2A). There were however significant differences in per cell
respiration rates between nanoTiO2 treated streams and control streams. Specifically, on
days 8 through 15 treated streams showed a significant increase in per cell respiration
rates compared to control streams (p<0.05) (Figure 2B). Respiration rates per cell were
equivalent to the control streams by day 23. Denitrification rate was initially the same for
both the nanoTiO2 and control streams after amendment, but increases in overall
denitrification rates and denitrification rates per cell were seen in the nanoTiO2 treated
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streams by day 8 (p<0.05) (Figure 3). The significant increase in denitrification rate
was temporary, and by day 23 there were no differences in overall denitrification rate or
denitrification rate per cell between nanoTiO2 treated and control streams (Figure 3).
The denitrification functional gene nirS was successfully amplified from all
samples by conventional PCR and was quantified by qPCR. There was a significant
increase in the copy numbers of nirS genes in the sediments of nanoTiO2-amended
streams compared with levels in untreated streams one day after nanoTiO2 addition, but
on subsequent sampling days there was no significant difference in nirS copy number
between treated and control streams (Figure 4). We were unable to amplify nirK genes
from any samples by conventional PCR, so qPCR was not performed for nirK genes.
The bacterial community composition within the sediment of each artificial
stream was compared based on 400,959 sequences obtained by 16S rRNA
pyrosequencing. A visual MDS ordination was constructed based on bacterial
community composition, and this ordination showed that there was no difference in
bacterial community composition between treated and control streams on day 0, but on
days 1, 8, 15, and 23 the composition of the bacterial communities within the nanoTiO2
amended streams shifted and became more homogeneous (Figure 5). However, by day 30
the communities in the nanoTiO2-amended streams had shifted back to their original
composition. Comparison of the Bray Curtis similarity index scores showed a similar
trend, with a significant but temporary increase in the similarity scores for the nanoTiO2
amended streams on days 1 through 23 (Figure 6). These results suggest that nanoTiO2
exerted a strong but temporary selection on the taxonomic composition on the sediment
bacterial communities in the artificial streams.
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Discussion
The artificial stream experiments allowed the introduction of an environmentally
relevant concentration of nanoTiO2 into sediments and enabled monitoring of the effects
of nanoTiO2 on the size, composition and function of stream microbial communities. We
amended the streams with a one-time dose of 1mg L-1 because this concentration has
been measured in wastewater before entering treatment plants (Kiser et al., 2009).
Wastewater treatment plants remove the majority of the nanoTiO2 in wastewater;
however, according to calculations of Mueller and Nowack (2008), as much as 10% of
sewage water can bypass the treatment systems. Thus, our study uses an environmentally
relevant concentration of nanoTiO2 that may represent a realistic overflow or spill event.
We found nanoTiO2 to have a rapid but temporary effect on the microbial
community size as indicated by direct epifluorescence counts of bacterial cells. Initially,
nanoTiO2 amendment resulted in significant bacterial cell mortality for at least 15 days
compared to control stream sediments, which indicates that nanoTiO2 toxicity is apparent
but may be temporary. By day 23 the bacterial cell numbers in the nanoTiO2 treated
streams had recovered to a level equivalent to the control streams. It is likely that the
toxicity of nanoTiO2 that we observed occurred due to ROS generation from light
exposure and subsequent damage to the cell membrane (Blake, 1999). Previous work by
our collaborators demonstrated the significant role that illumination plays in the toxicity
of nanoTiO2 to bacteria (Tong et al., 2013). Bacterial cell membranes have pores too
small for primary nanoTiO2 to enter the cell (approximately 2-3 nm wide), but after
membranes have been substantially damaged, nanoparticles can enter the cell and
generate additional ROS or damage the bacterial DNA directly, leading to cell death
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(Nel, 2006). The negative effect of nanoTiO2 on bacterial cell numbers was
temporary. We speculate that after 23 days post-nanoTiO2 treatment, nanoTiO2 particles
might have become buried in the sediment or coated by organic material, which would
lower the toxicity and accessibility of the particles to sediment bacteria by blocking
exposure to light. It is also possible that the reduction in nanoTiO2 toxicity was due to
aggregation of the nanoTiO2 particles in natural waters (Jiang, 2009). NanoTiO2 toxicity
is only associated with nanoparticles smaller than 30 nm (Auffan et al., 2009), and a
recent study by Jassby et al. (2012) suggested that the increase in size and aggregation of
nanoTiO2 is inversely proportional to ROS generation. However, recent work by our
collaborators demonstrated that the formation of aggregates by P25 did not eliminate
phototoxicity in natural waters, and large aggregates of P25 particles were shown to
significantly contribute to phototoxicity to Escherichia coli (Tong et al, 2013).
In our artificial streams, nanoTiO2 addition had no effect on community
respiration rates. However, the decreased bacterial population numbers that were
observed for days 1-15 combined with similar respiration rates on those dates suggests
smaller populations respiring more on a per cell basis. When respiration rates were
normalized by cell counts, there was a significant increase in per cell respiration rates on
days 8 and 15. We also observed significant but temporary increases in overall and per
cell denitrification rates with nanoTiO2 addition. These data suggest that, while nanoTiO2
had a negative effect on bacterial population size, it stimulated the metabolic activity of
the remaining viable bacteria. There are a number of possible explanations for this. For
example, the metabolic activity of the viable bacteria might have been stimulated by a
release of nutrients from the bacteria that were killed by nanoTiO2 exposure. In addition,
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while ROS can be detrimental to bacterial membranes, ROS can also break down
complex organic matter (Scully, 2003). Thus, the observed increase in metabolic activity
may have been the result of an increase in accessible nutrients caused by nanoTiO2induced breakdown of organic matter in the streams. Previous work by our collaborators
demonstrated a similar phenomenon with pure cultures of bacteria exposed to nanoTiO2
in natural stream water (Binh et al., in review). The increased metabolic activity in
response to nanoTiO2 may have also been a response to stress, as previous studies have
indicated that respiration rates normalized by biomass increase for bacterial cells that are
under stress (Anderson and Domsch, 1993).
One of the specific objectives of this study was to determine if a nanoTiO2
addition to model stream sediments would select for a distinct bacterial community.
Analysis of the species composition of the bacterial communities of the nanoTiO2
amended and control streams via tag pyrosequencing of bacterial 16S rRNA genes
enabled us to assess bacterial community changes caused by nanoTiO2. The clustering of
bacterial communities during days 1 to 23 on the MDS ordination and the significant
increase in Bray Curtis similarity scores between communities after amendment clearly
demonstrates that nanoTiO2 had a selective effect on the bacterial communities in the
model stream sediments which resulted in a selective shift of the community
composition. However, this shift was temporary, again suggesting that nanoTiO2 particles
might have become buried in the sediment or become coated by organic material, which
would lower the toxicity and accessibility of the particles to sediment bacteria by
blocking exposure to light.
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We also reported a temporary increase in the abundance of denitrifying bacteria
as indicated by an increase in copy numbers of the nirS gene. This result, as well as the
observed short-term increase in denitrification rates suggest that some denitrifying
bacteria are relatively resistant to the toxic effects of nanoTiO2 and their numbers and
activity were briefly stimulated by the increase in available nutrients triggered by
nanoTiO2. This could have significant functional implications as the process of
denitrification converts nitrogen from a soluble, biologically available form (nitrate) to
gaseous, nonbioavailable forms (nitrous oxide and dinitrogen gases) and thus removes
nitrogen from the ecosystem. Nitrogen is a critical nutrient for all organisms, so removal
of nitrogen from aquatic ecosystems is ecologically relevant.
Our failure to amplify nirK genes from these samples was not surprising. The nirS
and nirK genes encode two functionally redundant but structurally distinct versions of
nitrite reductase, and the nirS and nirK genes are found to be mutually exclusive among
denitrifying bacteria (Braker et al., 1998). Our results suggest that nirS-containing
organisms were numerically dominant among the denitrifying bacteria in the artificial
stream sediments and that nirK-containing organisms were either not present in these
sediments or were present at a level below the limit of detection of the PCR assay. This
conclusion is supported by several studies demonstrating that nirK denitrifiers are less
abundant than nirS denitrifiers in wetland sediments (Angeloni et al., 2006) estuarine
sediments (Nogales et al., 2002) and marine sediments (Braker et al., 2000).
Conclusion
The impacts of nanoTiO2 on benthic microbial communities that were observed in
the artificial stream study have significant ecological implications, as benthic microbial
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communities carry out many critical processes within aquatic ecosystems and can
serve as important bioindicators of ecosystem responses to nanomaterial exposure.
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CHAPTER THREE
USE OF HIGH THROUGHPUT SCREENING TO ASSESS ACUTE EFFECTS OF
NANOTITANIUM DIOXIDE ON SEDIMENT MICROBIAL COMMUNITIES
Introduction
Engineered nanomaterials (ENM) are structures that have at least one dimension
less than 100 nm. ENM have unusual physiochemical properties due to their small size,
and they are increasingly used in a wide range of industrial and commercial applications
(Weir et al., 2012). Nano-titanium dioxide (nanoTiO2) is one of the most widely used
nanomaterials, with uses ranging from personal care products and food to wastewater
treatment (Chen and Mao, 2007). In 2002, approximately 3,000 tons of nanoTiO2 were
produced annually, which is expected to increase to 260,000 tons by 2015 (Robichaud et
al., 2009). NanoTiO2 will inevitably be released into the environment during
manufacture, use, or disposal, yet there is very little data available on the potential
ecological impacts of nanoTiO2 (Lubick, 2008).
A potential fate of nanoTiO2 is entry into aquatic waterways, and nanoTiO2 is
suspected to have adverse effects on the organisms in these ecosystems (Gottschalk et al.,
2009). NanoTiO2 is photoactive and in the presence of light, reactive oxygen species
(ROS) are generated by ultra-bandgap electron excitation (Blake et al., 1999). ROS are
powerful oxidizing agents that can damage a variety of cell components and can lead to
cell death (Blake et al., 1999). NanoTiO2 has been shown to have toxic effects on biota
caused by its ability to generate ROS when exposed to light (Adams et al., 2006), but
28
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nano-TiO2 toxicity has also been reported in the absence of light (Gurr et al., 2005).
In assessing effects of nanoTiO2 on aquatic ecosystems, the study of bacteria can
be informative because they are among the most abundant and diverse taxonomic groups
on Earth. In addition, bacteria carry out many critical processes within aquatic
ecosystems, serving as a food source for higher organisms as well as participating in the
decomposition of organic matter and nutrient cycling. Thus, bacteria can serve as
important bioindicators of ecosystem responses to nanomaterial exposure. Many studies
have demonstrated the toxicity of nano-TiO2 to bacteria (Maness et al., 1999, Adams et
al., 2006, Wei et al., 1994), but few have assessed bacterial responses to nano-TiO2 under
conditions relevant to aquatic ecosystems. For example, previous studies have tested the
toxicity of nano-TiO2 to bacteria in growth media or filtered deionized water (Adams,
2006 and Heinlaan, 2008). However, natural surface waters are expected to have
physiochemical properties that bear little resemblance to artificial growth media or
deionized water, and differences in the media used for testing could affect nanoTiO2
aggregation rates and ROS production (Handy et al., 2012). In Chapter 2 of this thesis I
reported results of an artificial stream system to assess nanoTiO2 toxicity under
environmentally relevant conditions and demonstrated that nanoTiO2 can have rapid
(within 24 hours) effects on the abundance and activity of sediment bacterial
communities in artificial streams.
One challenge associated with studying the ecotoxicity of nanoTiO2 is that it can
exist in a variety of forms. There are two mineral phases of nanoTiO2: anatase and rutile.
These forms have different crystal lattice structure (Ferin & Oberdörster, 1985) and vary
in semiconductivity with band-gap energies of 3.26 and 3.06 eV, respectively (Gurr et al.,
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2005). Most commercial nanoTiO2 products are composed of a mixture of these
mineral phases. For example, the most commonly used commercial titania product, P25,
consists of 81% anatase and 19% rutile TiO2 with an average primary particle size of 24
nm. P25 is primarily used as a heat stabilizer, catalyst carrier, and photocatalyst (Maness
et al., 1999). P25 is often used in fate and transport studies as well as toxicity studies
based on its high commercial use (Wei et al., 1994 and Polo et al., 2011). However, the
commercial use of P25 is minor in comparison to the use of other forms of TiO2 as
pigments in commercial products (Pigment White 6 (PW6)) and food (E171), so these
pigments may be more likely to enter the environment in significant quantities than P25
(Weir et al., 2012). Few studies have examined the potential ecotoxicity of nanoTiO2
pigments, as it has been assumed that titania pigments are photocatalytically inactive and
environmentally benign. However, work by our collaborators has shown that the primary
crystallite size of PW6 is nanoscale (approximately 80 nm) and that PW6 is
photocatalytically active and toxic to Escherichia coli in natural water (Tong et al.,
2013). It is also possible for manufacturers to produce nanoTiO2 structures with a variety
of shapes and with varied surface modifications (Shankar et al 2009), and work by our
collaborators has shown that different nanoTiO2 structures vary in bacterial toxicity
(Tong et al, in review).
The varieties of nanoTiO2 products require novel approaches to rapidly screen for
its effects on organisms. One approach that is well suited to rapid screening of toxic
compounds is high-throughput screening (HTS), an automated platform that uses
robotics, microwell plates and fluorescent reporter systems to test large numbers of
samples simultaneously. HTS has been widely used for toxicity screening for a wide

31
variety of chemicals. More recently HTS has been applied to the study of ENM, mostly
using human or animal cell lines (George et al. 2011, Monteiro-Riviere et al. 2009, Xia et
al. 2006), with only a few studies using bacteria (Jin et al. 2010, Li et al. 2010). Recent
work by our collaborators demonstrated the successful application of HTS to assess the
toxicity of nanoTiO2 to E. coli (Tong et al., 2013). One limitation associated with HTS
approaches is that HTS is generally applied to single cell types, such as human or animal
cell lines or pure cultures of model bacterial species, such as E. coli or Bacillus subtilis.
While these studies have advanced our understanding of the cytotoxicity of nanoTiO2,
recent work by our collaborator has shown that different bacterial species can vary
dramatically in their responses to nanoTiO2 exposure (Binh et al., in review). These
results suggest that it will be difficult to predict the responses of complex, multi-species
bacterial communities to nano-TiO2 from the responses of model organisms. Therefore,
our group recently developed a HTS method to assess the toxicity of nanoTiO2 to
complex, multi-species bacterial communities from the environment (Binh et al., in
preparation). This study was conducted with bacteria collected from the water column of
two habitats, Lake Michigan and the Chicago River, and it demonstrated the first
successful application of HTS to bacterial community analysis (Binh et al., in
preparation).
The goal of my project was to assess the acute effects of nanoTiO2 to sediment
bacterial communities using HTS. HTS has not been used to study sediment bacterial
communities. Sediments present unique challenges for HTS due to the complex nature of
the sediment matrix and the potential for interference with fluorescence reporter assays.
In this study, I demonstrate the successful application of HTS to analyzing the effects of
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four different types of nanoTiO2 (P25, PW6, pure anatase particles, and pure rutile
particles) on sediment bacterial communities. I first tested the approach using a single
bacterial species that is common in stream sediments, Pseudomonas putida. I then
applied the method to bacterial communities collected from river sediments from two
different streams, Nippersink Creek in McHenry County, IL, and the North Branch of the
Chicago River in Glenview, IL. I chose microbial communities from one highly
urbanized habitat (Chicago River) and one less populated habitat (Nippersink Creek) to
determine if the degree of anthropogenic pollution in the habitat influences the bacterial
community responses to nanoTiO2.
Materials and Methods
Stream water and sediment collection
Stream water and sediment were collected from Nippersink Creek in McHenry
County, IL, and the North Branch of the Chicago River in Glenview, IL. Water and
sediments were collected in sterile glass containers and transported to the lab on ice. In
the lab water samples were filtered through 0.22 µm Millipore filters and sediment and
water samples were stored at 4°C.
NanoTiO2 materials
Four commercially available TiO2 nanomaterials were analyzed in our study: P25
was donated from Evonik Industries (Germany). Pigment White 6 (PW6) (Cat. 4162-01)
was purchased from J.T. Baker. Anatase nanopowder (ANP) (Cat. 637254) and rutile
nanopowder (RNP) (Cat. 637262) were purchased from Sigma-Aldrich. Stock solutions
of 2g L-1 in milliQ water were prepared for each nanoTiO2 and sonicated in an ultrasonic
bath (Health-Sonic, 110 W, 42 kHz) for approximately 30 minutes. Stock solutions were
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diluted in milliQ water to the desired concentrations for the toxicological tests (final
concentrations in tests of 0.5, 1, 5, 10, and 25 mg L-1).
High-throughput screening of nanoTiO2 toxicity in Psuedomonas putida
Pseudomonas putida (ATCC 17522) was grown on nutrient agar plates. A single
colony was picked and placed into 45 ml of Luria-Bertani (LB) broth and incubated at
room temperature (approximately 22°C) with shaking at 90 rpm for 17 hours until the
culture was at mid-exponential growth phase. The cells were harvested by centrifugation,
washed once with 0.85% NaCl, then washed with filtered water from the Chicago River.
Finally, the cells were resuspended in filtered water from the Chicago River and adjusted
to OD600 of approximately 0.4.
Using a robotic liquid handler (Biomek FX, Beckman Coulter), 25 µL of P.
putida cell suspension and 25 µL of nanoTiO2 solutions were added to individual wells of
a 384-well clear-bottom microplate. To simulate the effects of sunlight, the plate was
exposed under a xenon arc lamp (Model 6271, Newport) and incubated at room
temperature (approximately 22°C) on an orbital shaker at 300 rpm. The plate was
covered with an adhesive ultraclear film (Axygen, UC-500) to avoid evaporation of the
liquid in the wells. Tong et al. (2013) confirmed that the ultraclear film did not have an
effect on the light intensity or spectrum distribution. The plate was illuminated for one
hour with a rotation of the plate position every 15 minutes. The robotic liquid handler
then added 25 µL of BacLight probe solution from the Live/Dead kit (SYTO9/PI mixture,
prepared according to instructions from manufacturer Invitrogen), and the plate was
incubated at room temperature for 15 minutes in the dark. A microplate reader (Synergy
4, Biotek) measured green (excitation 485 nm and emission 530 nm) and red fluorescence
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(excitation 485 nm and emission 630 nm) to calculate ratios of live and dead cells of
each well. Green fluorescence signified live cells while red fluorescence signified dead
cells. The ratio of green fluorescence to red fluorescence was converted to a percentage
of viable cells based on comparison to a standard curve. The standards contained known
ratios of live and dead P. putida cells prepared according to the manufacturer
instructions, and each treatment was not exposed to nanoTiO2 or light in order to be used
as a standard for normalizing the results of the experimental samples.
High-throughput screening of nanoTiO2 toxicity in bacteria from stream sediment
High-throughput screening (HTS) was used to assess the toxicity of four different
types of nanoTiO2 (P25, PW6, ANP, RNP) to bacterial communities contained in
sediment collected from the North Branch of the Chicago River (Glenview, IL) and
Nippersink Creek (Fox Lake, IL). To extract bacteria from sediment, 1g of sediment was
placed in a sterile 12 ml culture tube containing 10 ml of filtered stream water from the
corresponding field site and shaken for 30 minutes at 300rpm using a reciprocal shaker
(New Brunswick Scientific, Edison, New Jersey). After settling for 5 minutes, 1.5 ml of
the supernatant was pipetted out and centrifuged for 1 minute at 5,000 rpm to separate the
sediment and bacterial suspension. This centrifuge rate of 5,000 rpm for 1 minute was
observed to clarify the suspension effectively without drastically lowering bacterial count
numbers (Figure S1). These bacterial suspensions were then screened using the HTS
assay as described above for P. putida. Toxicity of the four nanoTiO2 types was also
tested without illumination by covering the microplate with aluminum foil.
Statistical Analysis
The effect of nanoTiO2 on Psuedomonas putida and sediment bacteria viability
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was tested for significance using a one-way ANOVA. Tukey’s post hoc test was used
for pairwise comparisons between nanoTiO2 concentrations for cases with significant
treatment effects. Statistical analyses were performed with Systat version 13 (Systat
Software, Inc.) using a value of p<0.05 to be considered significant.
Results
Effect of nanoTiO2 on abundance of Psuedomonas putida
Psuedomonas putida showed sensitivity to nanoTiO2 in the presence of light
(Figure 7). All four types of nanoTiO2 (P25, PW6, ANP, RNP) resulted in significant
decreases in the relative abundance of viable P. putida cells at 25 mg L-1. For example,
25 mg L-1 P25 resulted in approximately 78% decrease in viable cells for P. putida after 1
hour of illumination. At 25 mg L-1 the order of toxicity for the four nanoTiO2 types was
P25=ANP>PW6>RNP. P25 showed toxicity to P. putida at concentrations as low as 5
mg L-1 and PW6 showed toxicity at concentrations as low as 5 mg L-1. Interestingly, at
the lowest concentrations (0.5 and 1.0 mg L-1) P25 and ANP exposure resulted in
significant increases in the abundance of P. putida cells as compared to the 0 mg L-1
control (Figure 7). There was also a slight but not statistically significant stimulatory
effect observed for PW6 at 0.5 mg L-1, but no stimulatory effect observed for RNP.
Effect of nanoTiO2 on sediment bacterial communities
For Chicago River bacterial communities, incubation with all four types of
nanoTiO2 (P25, PW6, ANP, RNP) at concentrations 1 mg L-1 and higher significantly
decreased the relative abundance of viable bacterial cells compared to 0 mg L-1 controls
(Figure 8). For example, P25 reduced the relative abundance of viable Chicago River
bacteria by more than 50% at 1 mg L-1, and the relative abundance of viable bacteria
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continued to decrease with increasing nanoTiO2 concentration, to a low of 18% for 25
mg L-1 P25. When we compared the four types of nanoTiO2, RNP showed the lowest
toxicity to Chicago River communities, while the toxicities of ANP, PW6 and P25 were
higher and not significantly different from each other (Figure 9). P25 and PW6 also
showed toxicity to the Chicago River communities under dark conditions at high
concentrations (5mg/L and above for P25 and 25 mg/L for PW6), whereas ANP and RNP
showed no toxicity under dark conditions for any of the tested concentrations (Figure 8).
Bacterial communities from Nippersink Creek were less sensitive to nanoTiO2
than the Chicago River communities. Nippersink Creek communities showed a
significant decrease in relative abundance of viable cells only with the highest
concentration (25 mg L-1) of one of the nanoTiO2 types (P25) (Figure 10). PW6, ANP
and RNP showed no significant decreases in relative abundance of viable cells from the
Nippersink Creek bacterial communities at any of the tested concentrations, although
PW6 at 25 mg L-1 resulted in a decrease in cell abundance that was borderline significant
(p=0.052). When we compared the effects of the four types of nanoTiO2 on relative
abundance of viable cells from Nippersink Creek we observed the same trend that was
observed for the Chicago River Communities, RNP showed the lowest toxicity while the
toxicities of ANP, PW6 and P25 were higher and not significantly different from each
other (Figure 11). In addition, none of the four types of nanoTiO2 displayed any toxicity
to the Nippersink Creek bacterial communities under dark conditions (Figure 10).
In order to compare the relative contributions of bacterial community composition
and water chemistry toward nanoTiO2 toxicity, the effects of nanoTiO2 on the Nippersink
Creek sediment bacterial community were also assessed using water from the Chicago
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River. There were no significant differences in the relative abundances of viable
bacterial cells in the Nippersink Creek bacterial communities when tested with water
from the Chicago River as compared to water from Nippersink Creek with one exception:
P25 showed significantly higher toxicity to the bacterial community with Chicago River
water as compared to Nippersink water at 1 mg L-1 (Figure 12).
Discussion
The objective of this study was to assess the potential ecological effects of
nanoTiO2 in aquatic stream ecosystems by measuring the acute bacterial cytotoxicity of
four types of nanoTiO2 using a high-throughput screening approach. Our study is the
first to assess the effects of nanoTiO2 on complex, multi-species benthic bacterial
communities using high-throughput screening methods with simulated environmental
conditions.
I began this study with a high-throughput analysis of the responses of one
bacterial species, Pseudomonas putida, to four types of nanoTiO2. P. putida was chosen
because it is a common inhabitant of freshwater ecosystems. P. putida showed sensitivity
to all four types of nanoTiO2 (P25, PW6, ANP, RNP), with P25 and ANP showing the
highest toxicity. These results are in general agreement with results obtained by our
collaborators working with several other bacterial species (Tong et al., 2013; Binh et al.,
in review). However, P. putida showed an unexpected increase in abundance of viable
cells at the lowest concentrations (0.5 and 1.0 mg L-1) of P25 and ANP. A similar effect
was reported for nano-TiO2 by Brunet et al. (2009) and may represent hormesis, which
refers to the stimulation of growth by low concentrations of toxins and other stressors.
Hormesis has frequently been observed with exposure of bacteria to low levels of
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antibiotics (Davies et al., 2006). The observed effects of nanoTiO2 on P. putida
provided a framework for assessment of a mixed community of bacteria extracted from
natural stream sediment.
The decreases in abundance of viable cells that were observed for the Chicago
River bacterial communities indicate that all tested types of nanoTiO2 exerted cytotoxic
effects in natural stream water with one hour of illumination, even at low concentrations
of nanoTiO2. The relative toxicities of the four types of nanoTiO2 were similar to our
Psuedomonas putida results and previous Escherichia coli studies (Tong, 2013; Li, 2012),
namely P25>ANP=PW6>RNP. Many factors contribute to the cytotoxicity of various
forms of nanoTiO2 including aggregate size, crystal phase, surface area, and availability
of active sites (Jiang, 2009). Due to its higher rate of electron hole recombination and
lower surface adsorptive capacity, the rutile form of nanoTiO2 has been deemed the least
toxic form by previous studies (Hurum et al., 2003). The anatase form of nanoTiO2 is
approximately 1.5 times more photocatalytic than the rutile form, which contributes to its
higher ability to induce oxidative stress (Kakinoki et al., 2004). Therefore we would
expect the ANP and PW6, which are both 100% anatase, to exert the highest cytotoxicity.
However, P25, which consists of a 81%/19% anatase/rutile mixture, showed the highest
toxicity in both Chicago River and Nippersink Creek communities. Previous studies
have shown that a mixture of anatase/rutile mineral phases produce a higher level of
oxidative DNA damage compared to pure anatase or rutile forms alone (Gurr et al., 2005).
Mixed forms of anatase-rutile appear to enhance the photocatalytic activity through lightinduced interfacial electron transfer from anatase to rutile forms (Kawahara et al., 2003).
In addition, P25 has a smaller crystallite size (23nm) than ANP (79nm) and PW6
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(81.5nm), and small crystallite size could also contribute to toxicity. Therefore, our
observations for the Chicago River and Nippersink Creek communities fit with previous
results and predictions for the relative toxicities of these four types of nanoTiO2, namely
P25>ANP=PW6>RNP.
The significant contribution of illumination to the rapid toxicity of nanoTiO2 that
was observed for the Chicago River communities supports the conclusion that nanoTiO2
toxicity is driven primarily by ROS production, which has been suggested in previous
studies (Miller et al., 2012; Maness et al., 1999; Tong et al., 2013). In our study, only
P25 was shown to have toxic effects on Chicago River communities in the absence of
light, and only at concentration at or above 5 mg L-1. Other studies have also shown some
nano-TiO2 toxicity in the absence of light and attributed it to physical disruption of cell
membranes and interference with electron transport (Gurr et al., 2005 and Adams et al.,
2006).
The bacterial community from the woodland stream, Nippersink Creek, was less
sensitive to nanoTiO2 that the bacterial community from the a highly urbanized river, the
North Branch of the Chicago River. This difference in sensitivity was not based on
physical or chemical differences in the water from the two habitats, but on some intrinsic
difference in the two bacterial communities. The bacterial communities from the Chicago
River have likely had much higher prior exposure to a variety of anthropogenic pollutants
because of the higher proximity of this river to industrialization, higher anthropogenic
impacts, and more dense population (Rosen, 1995). Based on this prior exposure to
pollutants, we hypothesized that Chicago River communities would have a higher
resistance to nanoTiO2 than the less contaminated Nippersink Creek waters. The rationale
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for this hypothesis was that the highly polluted conditions within the Chicago River
would have selected for a more pollution tolerant microbial community. However,
bacterial abundance levels dropped significantly more in Chicago River communities
compared to Nippersink Creek communities when exposed to all forms of nanoTiO2. We
speculate that this was due to the fact that nanoTiO2 represented a novel stressor, and that
previous exposure to other pollutants has selected for microbial communities that are able
to handle the stressors present in the Chicago River but are not as able to adapt to a novel
stressor. This is a major concern because nanoTiO2 is most likely to enter aquatic
ecosystems in highly populated habitats like the Chicago River. Therefore our results
give a predictive glimpse of what might occur if higher levels of nanoTiO2 were released
into the environment.
Conclusions
The results of our study indicate that sediment bacteria from natural streams can
vary in sensitivity to short-term exposure of different forms of nanoTiO2. The impacts of
nanoTiO2 on benthic microbial communities that were observed signify the importance of
assessing bacterial responses of mixed communities in natural media in order to predict
nanomaterial impacts on the environment.
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CHAPTER FOUR
CONCLUSION
Scientific research and discussion have been recently triggered due to expansion
of the nanomaterial industry, but the potentially adverse impacts of ENM on the
environment are still largely unknown. The potential environmental impact of the most
commercially used ENM, nanoTiO2, has only been investigated recently. NanoTiO2
release into the environment is inevitable due to high usage and manufacturing, and
nanoTiO2 has been shown to have toxic effects on biota caused by the ability of
nanoTiO2 to generate ROS when exposed to light.
Studying bacterial responses to nanoTiO2 can be useful because they are among
the most abundant and diverse taxonomic groups on Earth. In addition, bacteria carry out
many critical processes within aquatic ecosystems, and they can serve as important
bioindicators of ecosystem responses to nanomaterial exposure. Replicating a natural
setting to test the complexity of soil bacteria is important to adequately represent ecology
of the real world. We used natural media and inoculated a broad range of taxa from the
environment in order to observe a realistic response to nanoTiO2 exposure. In my project
I investigated the effects of nanoTiO2 on the viability, activity and taxonomic
composition of bacterial communities in stream sediment using an artificial stream
system and high throughput screening. In the artificial stream experiment we observed a
rapid but temporary decrease in microbial abundance and a shift in taxonomic
composition of a complex sediment bacterial community after a one-time dose of
47
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nanoTiO2. A series of high throughput screening experiments indicate that sediment
bacteria from natural streams can vary in response to short-term exposure of different
forms of nanoTiO2. Our results support the conclusion that ROS production is the
significant contributor to nanoTiO2 toxicity. In addition, our results showed that different
types of nanoTiO2 varied in their toxicity to bacterial communities from different
habitats.
The observed impacts of nanoTiO2 on microbial communities in sediment
demonstrate the importance of assessing bacterial responses of mixed communities, and
have significant ecological implications to predicting ecosystem responses to
nanomaterial exposure. For future risk assessment of these materials, the toxicological
profile of nanoTiO2 must be distinguished pertaining to the environmental concerns of
the material.

APPENDIX A
SUPPLEMENTAL FIGURES
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Figure 13. Effect of centrifuging speeds on bacterial cell numbers after 1 minute.
Each data point is mean (n=3) ± standard error. Asterisk indicates best speed with
sufficiently clear water.
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Figure 14. Bacterial cell numbers in stream sediments after centrifuging at 5000
rpm for 1 minute. Each data point is mean (n=6) ± standard error.
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